pigs, but the association has not been evidenced in Chinese indigenous pigs. In this study, we first performed a genome-wide association study in Chinese Erhualian pigs using one VRTN candidate causative mutation and the Illumina Porcine 60K SNP Beadchips. The VRTN mutation is significantly associated with thoracic vertebral number in this population. We further show that the VRTN mutation has pleiotropic and desirable effects on teat number and carcass (body) length across four diverse populations, including Erhualian, White Duroc × Erhualian F 2 population, Duroc and Landrace pigs. No association was observed between VRTN genotype and growth and fatness traits in these populations. Therefore, testing for the VRTN mutation in pig breeding schemes would not only increase the number of vertebrae and nipples, but also enlarge body size without undesirable effects on growth and fatness traits, consequently improving pork production. Further, by using whole-genome sequence data, we show that the VRTN mutation was possibly introgressed from Chinese pigs into European pigs. Our results provide another example showing that introgressed Chinese genes greatly contributed to the development and production of modern European pig breeds.
. The total number of thoracic and lumbar vertebrae is an economically important trait that affects meat production in pigs 5 . Thus, deciphering the molecular basis of thoracic and lumbar vertebral number in pigs would not only provide insight into our understanding of vertebral development in mammals, but also benefit the pig industry by selecting for more vertebrae using molecular breeding technology. To date, two major quantitative trait locus (QTL) for vertebral number have been consistently identified in multiple pig populations: one for the number of lumbar vertebrae on Sus scrofa chromosome 1 (SSC1) 6, 7 , and the other for the number of thoracic vertebrae on SSC7 [7] [8] [9] [10] . The Pro192Leu mutation in the NR6A1 gene is known to be the causal variant (QTN) underlying the SSC1 QTL effect. The favorable allele at the QTN that increases vertebral number is fixed in the European commercial breeds 11 . Interestingly, a recent study of whole-genome sequencing shows that the NR6A1 locus is one of the strongest selective sweep regions in European domestic pigs 12 .
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Vertnin (VRTN) has been proposed to be the gene responsible for the SSC7 QTL affecting thoracic vertebral number 10 . Unlike the alleles at the SSC1 QTL, the SSC7 QTL alleles are segregating in the European commercial breeds, and are thus of significant interest for the pig industry by selecting the favorable allele to increase thoracic vertebral number and pork production. In our previous study, we provided additional evidence that VRTN is the underlying gene for the SSC7 QTL. By a battery of genetic analyses, we identified two VRTN variants as strong candidate QTN for this QTL effect. One of the two variants is a SNP in the promoter region, and the other is an Indel in intron 1 of the VRTN gene. Both variants reside in conserved functional elements and possibly affect the expression of VRTN 13 . We further showed that the favorable allele for increased thoracic vertebrae at the QTN is also segregating in some of Chinese indigenous breeds and is possibly of Chinese origin 13 . Recently, Kensuke et al. (2013) reported that the VRTN mutation is significantly associated with body length and intramuscular fat content (IMF) in a Duroc population 14 . However, two subsequent reports indicated that there was no significant association between this mutation and IMF in Duroc pigs 15, 16 . Therefore, the associations of VRTN mutations with production traits related to vertebral number need further investigations.
In this study, we demonstrate that the VRTN candidate QTNs are significantly associated with the number of thoracic vertebrae in Chinese Erhualian pigs. We further show that the VRTN candidate QTNs are associated with thoracic vertebrae, carcass/body length and teat number in divergent populations. Further, we resequenced the VRTN region using representative individuals from Chinese and European pig breeds. We illustrate that the VRTN mutation was possibly introgressed from Chinese pigs into European pigs. These findings advance our understanding of the molecular basis of vertebral number, and have immediate transition into breeding practices to improve meat production in both European commercial pigs and Chinese indigenous pigs. Moreover, our results provide another example showing that introgressed Chinese (Asian) genes greatly contributed to the development and production of modern European pig breeds [17] [18] [19] .
Methods
Ethics statement. All procedures involving animals followed the guidelines for the care and use of experimental animals that were approved by the State Council of the People's Republic of China. The ethics committee of Jiangxi Agricultural University specifically approved this study.
Animals and phenotype recording. In this study, experimental animals were from five populations, including one White Duroc × Erhualian F 2 intercross (referred hereafter as the F 2 cross), one Chinese purebred (Erhualian) population, and three European purebred populations (Duroc, Landrace and Large White).
The F 2 cross was developed and managed as described previously 20 . Briefly, two White Duroc boars were mated to 17 Erhualian sows. Nine F 1 boars and 59 F 1 sows were then intercrossed to produce a total of 1,912 F 2 animals in 6 batches. Of the 1,912 F 2 animals, 1,034 individuals were slaughtered for phenotype recording at the age of 240 ± 3 days. A total of 928 F 2 individuals with phenotypic data of thoracic vertebral number, carcass length, teat number, body weight, average daily gain, intramuscular fat content and backfat thickness were used in this study.
Erhualian, a Chinese indigenous pig breed, was originally distributed in Jiangsu Province. This breed is characterized by its prolificacy (litter size > 16), excellent maternity and favorable meat quality 21 . We purchased 332 Erhualian pigs from Jiangsu Province. The 322 pigs included 166 barrows and 166 gilts from 9 sire families. All Erhualian pigs were fed with consistent diet under a standardized feeding and management regimen, and given free access to water, and then slaughtered at 300 ± 3 days of age in the same commercial abattoir. Phenotypes including thoracic vertebral number, lumber vertebral number, carcass length, teat number, body weight at slaughter, intramuscular fat content and average backfat thickness at the shoulder, first rib and hip were measured in the Erhualian population as described recently 22, 23 . A total of 3,495 European purebred pig samples were collected from 3 pig breeding farms, including 1,050 Duroc boars, 1,097 Landrace sows, and 1,348 Large White sows. Of the 3,495 animals, 1,348 Large White sows were not recorded for any phenotypic traits, while 833 Duroc pigs and 596 Landrace pigs were recorded for teat number, average daily gain, body length, backfat thickness and intramuscular fat content at the weight of 100 ± 5 kg. Backfat thickness and intramuscular fat content were measured between the 10th and 11th rib using a Preg-Alert Pro B-ultrasound machine (Renco Corporation, USA). The average daily gains were calculated as linear regressions of body weight from 30 ± 5 kg to 100 ± 5 kg. SNP genotyping. Genomic DNA was extracted from ear tissue of each pig using a standard phenol/chloroform method. DNA quality was determined by a Nanodrop-100 spectrophotometer (Thermo Fisher, USA). The Erhualian (n = 332) and Duroc (n = 833) pigs were genotyped for 62,163 SNPs on the Porcine SNP 60K Beadchips (Illumina, USA) according to the supplier's protocol. The quality control criteria were applied for the SNP data by the check.marker function of GenABEL 24 . Animals with SNP call rates ≥ 95% and familial Mendelian error rates ≤ 0.1, and SNPs with call rates ≥ 95%, minor allele frequencies (MAF) ≥ 0.1 and significance levels of deviation from Hardy-Weinberg equilibrium ≥ 10 −6 were included for further statistical analysis. The 60K SNP data of the F 2 cross (n = 1,015) that passed quality control are available from our previous studies 23, 25 . A total of 4,832 pigs including 1,015 individuals from the F 2 cross (19 F 0 , 68 F 1 and 928 F 2 pigs), 322 Erhualian pigs, 1,050 Duroc boars, 1,097 Landrace sows and 1,348 Large White sows were genotyped for the VRTN g.20311_20312ins291 mutation (referred hereafter as the VRTN mutation), a strong candidate QTN underlying the SSC7 QTL effect on thoracic vertebral number 13 . The genotypes of this mutation were judged using a PCR-based test. Primer pairs (VRTN-FP: GGC AGG GAA GGT GTT TGT TA and VRTN-RP: GAC TGG CCT CTG TCC CTT G) were designed using Primer Premier 5.0 based on the VRTN sequence (GenBank accession no. AB554652.1). The PCR reaction was performed using a reaction mix of 25 μ L containing 40 ng of genomic DNA, 2.5 μ L Buffer, 1.5 μ L MgCl 2 , forward and reverse primers (2 pM each), and 2.5 U Taq. PCR products were separated by 2% agarose gel electrophoresis and the genotypes were visually recorded according to the length of amplicon. The mutant allele (ins) was represented by amplicons of 411 bp and the wild-type allele (del) by amplicons of 120 bp.
Association analysis.
Prior to the association analysis, we checked the distribution of all phenotypes with the Shapiro test 26 . All phenotypic data conformed to the Gaussian distribution. In genome-wide association studies (GWAS) on the number of vertebrae and teats in the Erhualian and Duroc populations, the allelic effect of each SNP on phenotypic traits was tested by using a general linear mixed model 27 that included a random polygenic effect and a variance-covariance matrix proportionate to genome-wide identity-by-state 28 . The formula of the model is: y = μ + Xb + sc + Za + e, where y is the vector of phenotypes; μ is the overall mean; b is the vector of fixed effects including sex and batch effects; c is the effect of each SNP; a is the vector of random additive genetic effects with a~N(0, Gσ α 2 ), where G is the genomic relationship matrix calculated from the Illumina Porcine 60K SNP Beadchips and σ α 2 is the polygenetic additive variance; e is the vector of residual errors with e~N(0, Iσ e 2 ), where I is the identity matrix and σ e 2 is the residual variance;. X and Z are incidence matrices for b and a, respectively; s is the vector representing the SNP genotype for each individual. The GWAS were conducted by using the GenABEL package 24 . The genome-wide significance threshold was determined by the Bonferroni method, in which conventional P-value was divided by the number of tests performed 29 . A SNP was considered to have genome-wide significance at P < 0.05/N and chromosome-wide significance at P < 1/N, where N is the number of SNPs tested in the analyses. Quantile-quantile plots with genome control λ GC values are shown in Supplementary  Fig. 1 . We found no evidence of systematic inflation of the GWAS results.
Associations between the VRTN mutation and phenotypes were evaluated using the following model identical to the GWAS model: y = μ + Xb + sc + Za + e, where y is the vector of phenotypic value of each trait, μ is the overall mean for each trait, b is the vector of fixed effects including sex and batch effects; c is the additive effect of the VRTN mutation; a is the vector of random additive genetic effects with a~N(0, Gσ α 2 ), where G is the genomic relationship matrix calculated from the 60K SNP markers in the F 2 , Erhualian and Duroc populations and σ α 2 is the polygenetic additive variance; for the Landrace population that was not genotyped for the 60K Beadchips, a is the vector of random additive genetic effects with a~N(0, Aσ α 2 ), where A is the relationship matrix based on the pedigree of the Landrace population and σ α 2 is the polygenetic additive variance; e is the vector of residual errors with e~N(0, Iσ e 2 ), where I is the identity matrix and σ e 2 is the residual variance; s is the vector representing the genotype of the VRTN mutation for each individual; X and Z are incidence matrices for b and a, respectively.
Introgression analysis. Two publicly available whole-genome sequence data sets were explored in the introgression analysis. One included whole-genome sequences (~ 25 × depth) of 69 Chinese pigs from 3 populations of wild boars and 11 geographically diverse breeds, including Bamaxiang, Luchuan, Wuzhishan, Erhualian, Laiwu, Min, Hetao, Tibetan (Gansu), Tibetan (Sichuan), Tibetan (Yunnan) and Tibetan (Tibet) 21 . The other contained whole-genome data (~ 8 × depth) of 55 European and Asian pigs from wild boars, Duroc, Hampshire, Pietrain, Landrace, Large White, Meishan, Jiangquhai, Xiang and Bearded pigs (Sus barbatus) 30 . The sequence reads of the two data sets are publicly available at the NCBI Sequence Read Archive under accession numbers SRA096093 and ERP001813. We first retrieved a 200 kb genomic sequence (Chr7: 103,357,506-103,567,075) flanking (100 kb up-and downstream) the VRTN gene from the Sscrofa 10.2 assembly (http://www.animalgenome.org/repository/ pig/Genome_build_10.2_mappings/). Then, we mapped clean pair-end sequence reads of the 69 Chinese pigs 21 and the 55 European and Asian pigs 30 to the 200 kb sequence using the Bowtie2 software 31 with the parameters of "-fr-no-discordant-no-mixed-no-contain-no-overlap-no-unal". Next, we selected mapped sam files by allowing at most 4 mismatches per read using in-house Perl scripts. Population based genotypes were further called by the ANGSD software 32 under the parameters of "-GL 1 -doMaf 2 -doMajorMinor 1 -doGeno 5 -doPost 1 -postCutoff 0.95". "-GL 1" represents that the SAMtools model was used to call SNPs. "-doMaf 2" implicates that the major allele was assumed to be known (inferred or given by user) while the minor allele was not determined. "-doMajorMinor 1" means that the major and minor allele can be inferred directly from likelihoods using a maximum likelihood approach to choose the major and minor alleles. "-doGeno 5" indicates that the major and minor alleles followed by the genotypes (AA, AC …) for each individual. "-doPost 1" means that the posterior probability of each genotype was estimated based on the allele frequency as a prior. "-postCutoff 0.95" implicates that a genotype with a posterior above this threshold would be called. The final set of SNP data were obtained by filtering with parameters of maf (minor allele frequencies) > 0.01 and geno (genotype call rates) > 0.9. Haplotypes were inferred for the VRTN gene (9 kb) and the 200 kb region excluding the VRTN gene via the SHAPEIT2 program 33 , respectively. First, haplotypes were reconstructed for the 69 Chinese pigs and 55 European and Asian pigs with all 1,695 SNPs in the 200 kb region including the VRTN gene (see supplementary file). Haplotypes harboring the mutant allele (ins) at the VRTN mutation site were defined as Q-type haplotypes, and those harboring the wild-type allele were defined as q-type haplotypes. Two sets of haplotypes were further determined from each inferred haplotype: one corresponded to the 9 kb region containing 25 SNPs, and the other associated with the 200 kb flanking region containing 1,670 SNPs. Major haplotypes with frequencies of greater than 0.04 (10/248) were finally explored to construct maximum likelihood (ML) phylogenetic trees using 1,000 bootstraps via MEGA 6.0 34 .
Results and Discussion
The VRTN mutation is segregating in both Chinese Erhualian and European commercial breeds. In our previous study, we reported the frequencies of the VRTN mutation on 1,371 pigs representing 20 diverse breeds and wild boars 13 . Here we genotyped this mutation in a larger sample of 3,827 pigs from the Chinese Erhualian breed and 3 European commercial breeds (i.e. Duroc, Large White and Landrace). As expected, we observed a similar distribution pattern of the VRTN allele frequencies in the present study compared to the previous report (Table 1) . We found that both Chinese Erhualian and European breeds are segregating for this mutation, while the mutant (ins) allele associated with more vertebral number predominantly exist in European commercial breeds (Duroc: 0.59; Large White: 0.65; Landrace: 0.82). Interestingly, the Landrace breed that is known for long body length has the highest frequency (82%) of the mutant (ins) allele. This indicates that strong selection for body length in Landrace pigs likely enhanced the frequency of the mutant allele of VRTN that is significantly associated with thoracic vertebral number.
The VRTN mutation is associated with thoracic vertebral number in Erhualian pigs. To test if the
VRTN mutation is associated with vertebral number in Chinese indigenous pigs, we performed a genome-wide association study (GWAS) on vertebral number in Erhualian pigs. After quality control, a total of 35,974 SNPs were included for the GWAS on 332 Erhualian pigs. The genome-wide and chromosome-wide significant thresholds were 1.39E-06 (0.05/35,974) and 2.78E-05 (1/35,974), respectively. SSC7 contained the most significant locus (P = 1.80E-12) for thoracic vertebral number, with the top SNP (DIAS0000795) at 103.6 Mb (Fig. 1a) downstream of the VRTN gene. We then genotyped all 332 individuals for the VRTN mutation and included the VRTN genotypes in the GWAS model. The VRTN mutation appeared to be the top marker associated with the number of thoracic vertebrae (P = 3.14E-13, Fig. 1a) , having a stronger strength of association than the original GWAS top SNP (DIAS0000795). The heterozygous (ins/del) pigs (14.34 ± 0.07) have more vertebrae than homozygous (del/del) animals (13.91 ± 0.02) ( Table 2 ). However, this locus was not associated with lumbar vertebral number ( Supplementary Fig. 2 ). When the VRTN mutation was included as a fixed effect in the GWAS model, the SSC7 QTL effects on thoracic vertebral number vanished in the Erhualian population (Fig. 1b) . This finding favors the assumption that the VRTN mutation has a causative effect on thoracic vertebral number in the Erhualian breed.
The VRTN mutation is associated with teat number in divergent pig populations. In this study, we found a significantly positive correlation (r = 0.32) between teat number and the number of thoracic vertebrae in the F 2 cross (Supplementary Fig. 3 ). We have previously identified a significant QTL for teat number around the VRTN region in the F 2 intercross 35 . To test if the VRTN mutation has pleiotropic effects on teat number, we investigated the association between the VRTN mutation and the number of teats in the F 2 , Erhualian, Duroc and Landrace populations (Table 2) .
We observed a significant (P = 1.61E-04) association between VRTN genotype and teat number in the F 2 intercross. The average teat number of ins/ins animals (17.59 ± 0.07) is greater than that of del/del animals (16.59 ± 0.11). When we included the VRTN mutation in the GWAS, it was the most significant marker for teat number on SSC7 and exhibited the same strength of association with the top SNP on the Illumina 60K Beadchips (data not shown).
In the Erhualian population, the ins/del pigs had more (P = 0.03) teats than del/del pigs (20.81 ± 0.23 vs. 20.31 ± 0.10). In the Landrace pigs, the number of teats in this population was also significantly associated with the VRTN mutation (P = 7.21E-04), and the ins/ins pigs (12.71 ± 0.04) have more teats than ins/del pigs (12.35 ± 0.08).
We performed GWAS for teat number in the Duroc population. After quality control, a total of 41,793 SNPs were included for the GWAS on 830 Duroc pigs. The genome-wide and chromosome-wide significant thresholds Fig. 2a) , which was 28 kb downstream of the VRTN gene. When we included the VRTN mutation in the GWAS, the mutation stood out to be the most significantly associated marker (Fig. 2a) . The average teat number of ins/ins animals (11.21 ± 0.09) is greater than that of del/del animals (10.42 ± 0.06). When VRTN genotype was included as a fixed effect in the GWAS model, the association signal on SSC7 disappeared in the Duroc population (Fig. 2b) . This supports the conclusion that the VRTN mutation has pleiotropic effects on teat number.
The VRTN mutation is also significantly associated with body length. The significant association of the VRTN variation with body length and its related traits has been reported in two Duroc populations 14, 16 . Here we tested the association between the VRTN mutation and body (carcass) length in the F 2 , Erhualian, Duroc and Landrace populations ( Table 2 ).
In the F 2 cross population, we detected a significant (P = 0.04) difference in carcass length between animals with the ins allele and those with the wild-type allele. In the Erhualian population, significant associations of the VRTN mutation with body length were also observed (P = 0.03). The heterozygous (ins/del) pigs have 44.4 mm longer body length than homozygous (del/del) animals (115.55 ± 1.71 vs. 111.11 ± 0.62). In the Duroc population, the VRTN mutation was strongly (P = 8.95E-35) associated with body length, with an additive effect of 7.5 mm. In the Landrace population, a tendency towards longer body length was found in ins/ins pigs compared to ins/del individuals, although the difference did not reach statistical significance (P = 0.14), possibly due to a low frequency (7.8%) of the del allele in the population.
The VRTN mutation has no effect on fatness and production traits. There are contradictory reports about the association of the VRTN mutation with intramuscular fat content [14] [15] [16] . We herein analyzed the relationship between VRTN genotype and two fatness traits (IMF and backfat thickness) and one production trait (ADG) that were recorded in 928 F 2 individuals from the White Duroc × Erhualian intercross, 332 Erhualian pigs, 666 Duroc pigs and 596 Landrace pigs. We did not detect any significant association between the VRTN mutation and IMF, backfat thickness and ADG in the tested populations (Table 2 ). This indicates that selection for the favorable allele at the VRTN mutation site would not have undesirable effects on growth and fatness traits in pigs.
The VRTN mutation was possibly introgressed from Chinese pigs into European pigs. To test the hypothesis that the VRTN mutation has been introgressed from Chinese pigs into European pigs, we performed the ML phylogenetic analysis for the VRTN gene and its flanking region using whole-genome sequence data for 124 Chinese and European pigs. We first inferred haplotypes of the two regions for the 124 pigs (see Methods). Only major haplotypes with frequencies of greater than 0.04 (10/248) were then explored to construct ML phylogenetic trees (Fig. 3) . For the 200 kb region flanking (not including) the VRTN gene, all haplotypes of Chinese origin formed a branch, while all haplotypes of European origin defined another branch in the ML tree (Fig. 3b) . This is consistent with the evolutionary split between Chinese and European pigs 30 . In the VRTN region, the Q-type haplotype containing the mutant allele (ins) at the VRTN mutation site was mainly from European domestic pigs (n = 22) and few from Chinese domestic pigs (n = 3). Surprisingly, the Q-type haplotype clustered with a q-type (wild-type) from Chinese domestic pigs (n = 51). All other three q-type haplotypes including q2 (n = 62), q3 (n = 63) and q4 (n = 11) from European and Chinese pigs defined another clade, which was separated with a long branch from the clade containing the Q-type haplotype. The haplotype of Beared pigs (Sus barbatus) appeared as a clear outgroup to all European and Chinese haplotypes (Fig. 3a) . This observation suggests the introgression hypothesis, i.e, the VRTN Q-haplotype that carries the QTN allele increasing vertebral number was originated from Chinese pigs and may have been historically introgressed into European pigs. After the introgression event, the Q haplotype could have been selected for pork production, leading to significantly higher frequencies of the Q haplotype in European commercial breeds like Landrace, Large White and Duroc compared to Chinese indigenous pigs. It should be mentioned that the number of SNPs (n = 25) within the VRTN gene was much lower than that (n = 1,670) in the 200 kb flanking region due to the small size of the VRTN gene (9 kb). This may contributed to lower bootstrap values in the ML tree for the VRTN region compared with those in the ML tree for the 200 kb flanking region (Fig. 3) . The low bootstrap support indicated that the two ML trees were not so definitive. Further investigations are required to confirm the introgression hypothesis.
